The effects of B chromosomes in Allium schoenoprasum on germination rate and on the ability of seeds to germinate under drought conditions have been investigated. When water was freely available for germination, there was an increased frequency of B-containing individuals amongst the first 10 per cent of seeds to germinate compared with the middle germinating group (64 cf. 56 per cent). Two drought regimes were employed: in one ('droplet') seeds were provided with a limited amount of water, and in the other ('PEG') the availability of water was limited osmotically. There was a significantly increased frequency of B-containing individuals amongst the 5 per cent of seeds that were able to germinate in both the droplet sample (79 per cent) and the PEG sample (65 per cent) compared with the control sample (56 per cent). Although the early and drought germinating groups had higher frequencies of B-containing seedlings, the individual seedlings did not carry a significantly increased number of B chromosomes. The increases in the frequencies of B-containing seedlings in the early and drought germinating groups were comparable to or greater than that observed previously in the wild between the seed and seedling stages, suggesting that the increased survival of B-containing individuals in natural populations could be due to the effects of Bs on germination behaviour. There was no relationship between the presence of B chromosomes and seed size, seed density or seed shape, implying that differences in these seed characteristics do not provide an explanation of the effects of B chromosomes on germination.
Introduction
Supernumerary B chromosomes are one of the most common forms of naturally occurring chromosomal polymorphisms (Jones & Rees, 1982) . Their role in the genetic system has been the subject of debate for many years (Darlirigton, 1956; Jones, 1975; Jones & Rees, 1982) . The commonly held view is that B chromosomes are selfish, persisting in populations as parasitic chromosomes by virtue of accumulation mechanisms despite the decreased fitness of B-containing individuals (Jones, 1985) . However, there are two observations that argue against such an extreme view. First, there are significant numbers of species, including Centaurea scabiosa (Frost, 1958) , Guizotia scabra (Hiremath & Murthy, 1986) and Poa alpina *Correspondence. (Hãkansson, 1954) , in which B chromosome accumulation does not occur; in some cases a substantial loss of Bs during transmission has been reported (e.g. Anthoxanthun'z alpinum, Rozmus, 1963) . Since arguments for parasitic B chromosomes rely on the operation of accumulation mechanisms to explain their persistence (Green, 1990) , B chromosomes in species which lack such mechanisms cannot be considered to be parasitic. Secondly, and contrary to the assertion that attempts at ascribing an adaptive role in Bs have been singularly unsuccessful (Jones, 1991) , there are a number of convincing reports that B chromosomes can enhance the fitness of their hosts (Rees & Hutchinson, 1973; Hutchinson, 1975; Teoh et at., 1976; Teoh & Jones, 1978; Holmes & Bougourd, 1989 , 1991 Miao et at., 1991) . Even in species where B chromosomes have been shown to have accumulation mechanisms, positive effects on fitness due to the presence of Bs may also contribute to their maintenance. 587
We have previously described a situation in Allium schoenoprasum at the River Wye, Powys, U.K. where B chromosomes are present in high frequencies, and the pattern of distribution of the B-containing populations along the river suggests that they are spreading (Bougourd & Parker, 1975 , 1979b . In this species, there is no effective accumulation of B chromosomes (Bougourd & Parker, I 979a and recent unpublished data) . There is, however, clear evidence that B chromosomes can confer a selective advantage during the early stages of the life cycle. Studies carried out in the natural habitat have shown that B-containing individuals survive better than individuals without B chromosomes between the seed and seedling stages (Holmes & Bougourd, 1989) and, in experimental populations, it has been demonstrated that B-containing individuals survive better during sowing and subsequent cultivation for several months under drought conditions (Holmes & Bougourd, 1991) . At the River Wye, the rocky crevices in which the plants grow are usually well above the river level during the summer months, and near-drought conditions prevail. However, the river can rise suddenly and dramatically, washing away ungerminated seeds or unanchored seedlings. Thus, prompt germination in limited moisture would seem to be highly advantageous in this habitat. The experiments described in this paper were designed to investigate the effects of B chromosomes on germination rate and on the ability of seeds to germinate in drought conditions.
Materials and methods

Materials
Eighteen thousand mature fruiting umbels were collected from a large population at the River Wye that had previously been shown to contain high frequencies of B-containing individuals (population 'B', Bougourd & Parker, 1979b) . Care was taken not to sample the same clone more than once. Individual umbels were placed in cellophane packets and, subsequently, three seeds were removed at random from each packet, one for each of the three experimental germination regimes.
Seed characteristics
Each seed was weighed individually on a Mettler AE163 electronic balance, and the area, maximum length, maximum breadth and perimeter of each seed was recorded using a Joyce-Loebl Magiscan image analyser, making sure that seeds were all placed on their convex surface to make comparisons more reliable.
Germination experiments
Germination experiments were carried out in a dark growth chamber at 20°C with 96 per cent relative humidity. Seeds were germinated in 96-well microtitre plates, with one seed in each of the inner 60 wells, avoiding the outer rows to minimize edge effects.
There were three experimental regimes: one 'normal' regime, in which each seed was given a plentiful supply of water (100 juL), for comparisons of the B chromosome constitution of seeds with different germination rates and as a control for the drought regimes; and two drought regimes, one actual ('droplet') and one osmotic ('PEG'), to investigate the B chromosome constitution of seeds able to germinate in limited moisture. Both the droplet and PEG regimes were designed to induce a drought stress such that only 5 per cent of seeds were able to germinate. The volume of the water droplet given to each seed (2 L) and the concentration of polyethylene glycol (0.085 M PEG 6000, 100 L) required to achieve this were determined in preliminary trials (data not presented).
Germination was scored every 4 h for the first 3 days, then every 12 h for the next 5 days, then every 24 h until germination was complete. A seed was considered to have germinated when the radicle could be seen protruding through the testa.
Postgermination conditions
Seedlings from the normal regime were transferred 5 days after germination into John Innes No. 2 'Gem' compost in individual compartments of 'Plantpak' plastic seed tray inserts. Seedlings from both drought regimes were transferred as soon as possible after germination into plentiful water in clean microtitre plates. Five days later, the survivors were potted into John Innes compost as described above.
Chromosome counts
The B chromosome constitution of seedlings was determined at mitotic metaphase in root tip cells. After 8 weeks, root tips were removed and pre-treated with 0.05 per cent (w/v) colchicine for 2 h, fixed in 1:3 (v/v) acetic alcohol and stained by the Feulgen/orcein method.
Results
Germination behaviour
The germination behaviour of 18 000 seeds in the normal watering regime is shown in Fig. 1 . Germina- tion began 12 h after the application of water and reached a maximum of nearly 80 per cent after 14 days, although most of the seeds (70 per cent) germinated within 7 days. Germinators were assigned to one of four groups: the first 2 per cent, the next 8 per cent, the middle group, and the last 10 per cent. All of the first 2 per cent, next 8 per cent and last 10 per cent of seedlings were potted on, together with 1000 seedlings taken at random from the middle group.
In the drought regimes, the percentages of germination attained were very close to those intended (5 per cent), with 5.1 per cent in the droplet regime and 5.4 per cent in the PEG regime. In the droplet regime, germination also began within the first day but stopped after the third day. Germination in the PEG regime did not begin until the twelfth day and stopped 5 days later. All germinators from the drought regimes were transferred to water as soon as possible. Most of the PEG germinators, but only 20 per cent of those germinating in the droplet regime, survived. This difference in behaviour between the two drought regimes is considered in the Discussion. All survivors were potted on.
B chromosome constitution of germinators
(i) Normal watering regime. The percentages of seedlings with B chromosomes (+B) in samples taken at random from each of the four germination groups, which represent different rates of germination in plentiful water, are given in Table 1 , together with the The frequencies of + B seedlings in each of the four germination groups were compared in a 4 X 2 contingency x2 test, giving a x value of 5.67 (P 0.1).
Given that the categories are orthogonal, the overall x2 was partitioned into three 2 x 2 contingency tests, and three component x2 values were calculated using Kimball's formulae (Kimball, 1954) . The results, given in The mean number of Bs per plant and the mean number of Bs per + B plant in the four groups were compared by one-way ANOVA after Anscombe transformation (,j(x + 3/8)) (Table 3 ). This is the best variance stabilizing transformation for distributions such as these which are highly positively skewed with the largest class the lowest and a low mean (Kendall & Stuart, 1968) . The mean number of Bs per plant for the four groups is significantly different (Fj37761 = 3.53, P< 0.05) and a least significant difference test showed that this was due to a higher mean number of Bs in seedlings from the first 2 per cent group than in both the middle and last 10 per cent of germinators. The mean number of Bs per + B plant is not significantly different between the four groups (F[3453j = 1.71, P>0.10).
(ii) Drought regimes. The percentages of seedlings with B chromosomes, the mean numbers of Bs per plant and the mean numbers of Bs per + B plant in samples taken at random from both drought regimes are given in Table 4 , together with values for a random control sample from the normal regime.
The frequencies of +B seedlings in the drought samples were each compared with the random control sample from the normal regime in 2 x 2 contingency x2 tests. Both the drought samples showed a significantly higher incidence of B-chromosomes than the control samples, all of which have been described previously (Bougourd & Parker, 1975 , 1979a Holmes & Bougourd, 1989) . The percentages of standard and non-standard B-types in each of the samples are given in Table 5 . Over 90 per cent of B chromosomes in all samples were the standard Bt -. Of the non-standard types, almost 90 per cent were the metacentric B'1 thought to represent the isochromosome of B . Chisquared tests revealed no significant differences in the proportions of non-standard B chromosomes between any of the samples.
B chromosomes and seed characteristics
The means and 95 per cent confidence intervals of various seed characteristics for each B chromosome number class are given in Table 6 . These include the five characteristics measured directly (mass, area, width, length, perimeter) and three additional characteristics derived from them (squatness = width/length, roundedness = area /2/perimeter, density = mass/area3!2).
There was considerable variation within each Bnumber class. [-tests to compare OB and pooled +B seeds, and one-way ANOVA s to compare different B-number classes, revealed no significant differences.
Regression analysis was performed for each seed characteristic on B-number. Only the regression of area on B-number was significant (area=2.89+ 0.0162B; F 138J= 4.26, P <0.05), but even in this case the R2 value was very low (0.4 per cent), implying that B-number is not a good predictor of seed area.
Discussion
The results presented here show that B chromosomes enhance both the rate of germination and the ability of seeds to germinate under drought conditions. When water was freely available for germination, there was an increased frequency of B-containing individuals amongst the first 10 per cent of seeds to germinate compared with the middle germinating group (64 per cent cf. 56 per cent). The mean number of B chromosomes per seedling was also significantly 
NNe'NNNr'NN--. C C C C C C kt) C r1 00 N C\ C 00 t d©CCCCC +1 +1+1+1+1 +1+1+1+1+1+1 00 O\ 00 t( 00 When only B-containing seedlings were considered, there was also an increase in mean B-number (2.32 ci. 2.02), but this was not significant. This implies that, although the early germinating group includes a higher frequency of B-containing seedlings, the seedlings do not carry a substantially increased number of B chromosomes.
In addition to these effects on germination rate, the results also indicate that seeds with B chromosomes have an enhanced ability to germinate in drought conditions. There was a significantly increased frequency of B-containing individuals amongst the 5 per cent of seeds that were able to germinate, both in the droplet experiment (79 per cent) and in the PEG experiment (65 per cent), compared with the control sample (56 per Cent). The increase in B-frequency in the droplet sample was particularly dramatic, and the difference in the response to the two drought regimes may reflect differences in the way in which the drought was imposed. In the droplet experiment, 2 uL of water was supplied to each seed, compared with 100 L given to the control seeds. In the PEG experiment, however, drought was osmotically imposed; here the amount of water available to each seed was precisely limited by the molarity of the polyethylene glycol solution. As explained above, the two sets of conditions were chosen so as to allow 5 per cent of seeds to germinate, as judged by the emergence of the radicle through the testa. Based on this criterion, very similar germination percentages were achieved in the droplet (5. 
and cell elongation but not the initiation of cell division (e.g. Nutile & Woodstock, 1967; Watt, 1974) . The amount of true germination in the droplet sample, that is those seeds that were able to continue growing, was only about 1 per cent. Thus, the selection pressure imposed in the droplet experiment was considerably greater than that in the PEG experiment, and this may explain the greater response in terms of an increased frequency of B-containing individuals amongst the 'true' germinators in the droplet experiment.
In both the drought samples, the mean number of B chromosomes per seedling was significantly higher than in the control sample (droplet 1.53, PEG 1.47 cf. control 1.15). As for the early germinators in the normal regime, the increase in mean B-number was not significant when only B-containing seedlings were considered. Again this implies that, although there is a higher frequency of B-containing seeds amongst successful germinators in drought conditions, these B-containing seeds do not carry a substantially increased number of B chromosomes.
B chromosomes have been reported to increase the rate of germination in a number of other species, including A/hum porrum (Vosa, 1966; Gray & Thomas, 1985) , Anthoxanthum alpinum (Rozmus, 1963) and Picea glauca (Teoh & Rees, 1977) . One problem with demonstrating the effects of B chromosomes on such a complex process as seed germination is that it is often difficult to distinguish them from the effects of other genetic and environmental influences. Ideally, one would examine the effects of B chromosomes in isogenic lines, but this is clearly impracticable for many species. In the present work, we have attempted to minimize genetic bias by analysing the effects of the Bs against a randomized genetic background; only one seed from each of 18 000 different individuals was included in each germination regime.
In addition, to minimize differential environmental influences, all seeds were harvested and stored under identical conditions.
Germination and seedling establishment are crucially important stages in any sexually reproducing plant population (Koller, 1972; Cook, 1979) . Early germination may, under many circumstances, favour initial establishment, for example, by giving seedlings a competitive size advantage over slower germinators. Vosa (1966) suggested that this size advantage following faster germination was responsible for maintaining B chromosomes in cultivated populations of A Ilium porrum by unconscious selection by growers. In areas of scanty or erratic rainful it is claimed that faster germination can be a significant advantage, enabling seedlings to become established more rapidly and to make more efficient use of available resources (Sinha et al., 1982) . For A. schoenoprasum in its riverside habitat, both rapid germination and the ability to germinate in limited moisture are likely to be beneficial, allowing seeds to take advantage of light falls of rain and to germinate promptly, thus increasing the likelihood of secure establishment before the river level rises. Certainly, there appears to have been strong selection for rapid germination in these populations, where seeds germinate much faster than those from other British, non-riverside populations (Bougourd, 1977) . Levels of early mortality are high in this habitat, with only about 3 per cent of seeds surviving as seedlings after the first 2 months (Holmes, 1986) . Previous work on natural populations has shown that B-containing individuals are more likely than individuals without Bs to survive this period; the frequency of B-containing individuals increased from 55 to 64 per cent between the seed and seedling stages (Holmes & Bougourd, 1989) . The increases observed in the present work in the frequency of B-containing seedlings in the earliest germinators and under the two drought regimes were comparable or greater, suggesting that the increased survival of B-containing individuals in natural populations could be due to the effects of Bs on germination behaviour.
How the B chromosomes influence germination behaviour is less clear. It is well known that the size and shape of seeds can influence germination rate and also the ability of seeds to germinate in dry conditions (Harper et al., 1970; Grime et al., 1981) . In A.
schoenoprasum, smaller, lighter, less dense seeds tend to have a reduced germination time and a greater ability to germinate in limited moisture (Plowman & Bougourd, manuscript in preparation). We speculated previously (Holmes & Bougourd, 1991) that seeds with B chromosomes may require less water for successful germination, and that this might arise through effects on seed size. In the present study, however, we have shown that there is no relationship between the presence of B chromosomes and seed size, seed density, or two aspects of seed shape (squatness and roundedness). Thus, it appears that differences in these seed characteristics do not provide an explanation of the effects of B chromosomes on germination. We are currently investigating other biochemical and physiological factors that are known to be involved in the germination process.
tErratum In Holmes & Bougourd (1991) there is an error on page 119, right column, first line. It should state that nine (not none) of the thirteen different types of B chromosome had been described previously.
